[1] Connecting interplanetary coronal mass ejections (ICMEs) to their solar pre-eruption source requires a clear understanding of how that source may have evolved during eruption. Gibson and Fan (2006a) have presented a three-dimensional numerical magnetohydrodynamic simulation of a CME, which showed how, in the course of eruption, a coronal flux rope may writhe and reconnect both internally and with surrounding fields in a manner that leads to a partial ejection of only part of the rope as a CME. In this paper, we will explicitly describe how the evolution during eruption found in that simulation leads to alterations of the magnetic connectivity, helicity, orientation, and topology of the ejected portion of the rope so that it differs significantly from that of the pre-eruption rope. Moreover, because a significant part of the magnetic helicity remains behind in the lower portion of the rope that survives the eruption, the region is likely to experience further eruptions. These changes would complicate how ICMEs embedded in the solar wind relate to their solar source. In particular, the location and evolution of transient coronal holes, topology of magnetic clouds (''tethered spheromak''), and likelihood of interacting ICMEs would differ significantly from what would be predicted for a CME which did not undergo writhing and partial ejection during eruption.
Background
[2] Solar-driven ''space weather'' can have significantly adverse consequences for the Earth and near-Earth environment. It is therefore important to link geoeffective disturbances in the solar wind to their sources at the Sun, in the hopes of understanding and ultimately predicting their origins. Coronal mass ejections (CMEs) can sometimes be linked causally to solar wind disturbances which possess one or more signatures that identify them as interplanetary coronal mass ejections (ICMEs) [Gosling, 1997] . A subset of these exhibit the signature of a rotation of the embedded magnetic field vector: these are referred to as magnetic clouds . Observations of both magnetic clouds Burlaga, 1988; Lepping et al., 1990] and CMEs [Dere et al., 1998; Plunkett et al., 2000; Cremades and Bothmer, 2004] are commonly interpreted as magnetic flux ropes. Comparisons of flux ropes modeled from interplanetary and coronal signatures have demonstrated agreement of flux rope chirality, axis orientation, and magnetic flux between solar source and magnetic cloud [Rust et al., 2005, and references therein] .
[3] The success of such comparisons, however, relies on a clear understanding of how the pre-eruption magnetic configuration in the corona relates to the interplanetary flux rope. There is growing evidence that this relationship is not necessarily straightforward. In particular, evolution during eruption, including rotation and reconnection/interaction with surrounding fields, may need to be taken into account (see Démoulin [2008] for a review). In this paper we will examine the interplanetary implications of such evolution using a 3-D numerical CME simulation (originally published by Gibson and Fan [2006a] ), in which a flux rope writhes and breaks in two during its eruption, with one part escaping as a CME, and the other staying behind in the source region. In section 2 we will briefly review the simulation of Gibson and Fan [2006a] . In section 3 we will describe how the surviving portion of the rope may lead to recurring eruptions. In section 4 we will discuss the implications of changes in the connectivity of the escaping rope for transient coronal holes and their association with ICMEs. In section 5 we will discuss how the magnetic helicity, orientation, and even topology of the escaping portion of the rope may be altered during eruption, and how this impacts ICME observations. In section 6 we present our conclusions.
A Model for a Partially Ejected Flux Rope
[4] Gibson and Fan [2006a] presented a three-dimensional numerical MHD simulation in spherical coordinates, in which a flux rope quasistatically emerged into a preexisting coronal external field. As was the case in previous simulations [Fan and Gibson, 2003, 2004; Fan, 2005] , the emerging rope went through two distinct stages in its evolution. Initially, the rope's quasistatic emergence resulted in a series of equilibria, in which a coronal flux rope was contained within the overlying magnetic fields. Once enough magnetic twist was emerged, however, equilibrium was lost as the magnetic kink instability set in, and the rope erupted.
[5] The simulation described by Gibson and Fan [2006a] expanded upon previous analyses by extending long enough in time to demonstrate that the end state of such an eruption was not the total expulsion of the flux rope, but rather a rope that broke in two, with one part leaving, and the other staying behind (see Gilbert et al. [2000] , Manchester et al. [2004a] , Birn et al. [2006] , and Mackay and van Ballegooijen [2006] for models of bifurcating flux ropes in coronal eruptions and Tokman and Bellan [2002] for an alternative three-dimensional numerical model for splitting filaments). It did so because of a series of reconnections within the rope and between the rope and overlying external fields, which were facilitated by the writhing motion driven by the kink instability. The significance of such a partially ejected flux rope for coronal observations was explored in detail by Gibson and Fan [2006b] . We now use the simulation results to explore the implications of a bifurcating magnetic flux rope for ICMEs and space weather.
The Rope That Stays Behind: Recurring Eruptions
[6] Figure 1 shows the original flux rope (left) and both the escaping and surviving flux ropes (right). As the rope writhes and expands upward, its legs squeeze together at a central current sheet, leading to reconnections within the rope which split it in two ( Figure 2 ). As we will discuss further in section 4, the escaping portion of the rope continues to reconnect with surrounding external fields as it expands upward, and eventually exits the simulation domain entirely. Meanwhile, the surviving portion of the rope settles down into a new, less-twisted equilibrium state. There is a wide range of observational evidence that such partial ejections of twisted magnetic flux are common, including partly and non-erupting filaments, quiescent filament cavities erupting as 3-part CMEs followed by the reformation of the cavities, and sigmoids transitioning to cusps above reformed sigmoids (Figure 3 ) [Gibson and Fan, 2006b; Liu et al., 2008; D. Tripathi et al., On partially erupting prominences, submitted to Astronomy and Astrophysics, 2008] .
[7] If a twisted flux rope survives the eruption in this manner, it means that magnetic energy is still stored, and another eruption may soon be triggered. A good example of a repeatedly erupting active region exhibiting signs of partial ejection was described by Gibson et al. [2002] . Comprehensive, multiwavelength observations of the region were taken as part of the third Whole Sun Month campaign in August 1999. Multiple flares and at least three CMEs occurred during its disk passage, and these eruptions left cusped soft-X-ray loops behind above ever-present sigmoid (S-shaped) soft-X-ray loops. In particular, Figure 3 shows the cusp in the southern half of the region which resulted from a CME on 14 August, overlying a reformed sigmoid on 16 August. On 17 August there was another CME, leaving behind a cusp over the northern half of the still sigmoid region, as well as a filament which did not participate in the eruption. On 20 August there was a flare with cusped post-flared loops, an extreme-ultraviolet dimming, and a portion of the filament disappeared, all in the southern half of the region. On 21 August, however, the sigmoid was back, more clear than ever. Finally, as the region rounded the west limb, a CME occurred in its vicinity, including an especially well-observed jet [Ko et al., 2005] .
[8] The cusps over reformed sigmoids and non-erupting or partially erupting filaments observed in this region are consistent with modeling it as a magnetic flux rope which repeatedly expels part, but not all, of its twisted magnetic fields in CMEs. In this scenario, each eruption leaves enough twist behind for a sigmoid separatrix surface to survive, which continues to be observable as a quiescent soft-X-ray sigmoid [Fan and Gibson, 2006] . New flux emerges (as was observed and discussed by Gibson et al. [2002] ), leading to further losses of the rope's equilibrium, perhaps due to threshold limits on magnetic twist or helicity [Fan and Gibson, 2007] . Such repeated partial ejections from a single region may have space weather significance, if for example their interaction leads to particularly strong solar energetic particle (SEP) events [Gopalswamy et al., 2004] .
Jumping Ropes: Changes in Magnetic Connectivity

Transient Coronal Holes: Location and Morphology
[9] Transient coronal holes (TCHs) are associated with CMEs, and appear as dimmings in soft X-ray [Sterling and Hudson, 1997; Hudson et al., 1998 ] and extreme ultraviolet [Thompson et al., 1998 [Thompson et al., , 2000 (Figure 6c ) and brightenings in the infrared HeI line [de Toma et al., 2005] . They have been proposed to be the foot points of magnetic clouds [Webb et al., 2000] . In some cases, double-dimmings lying in the concavity of a sigmoid neutral line have been observed [Sterling and Hudson, 1997] , in a manner demonstrated by Gibson and Low [2000] to be consistent with the modeled expansion of a flux rope. That study made use of an expanding flux rope which existed prior to eruption, but the basic conclusions regarding the location and morphology of dimmings are equally consistent with an expanding flux rope formed in situ in the early stage of the eruption [e.g., Moore and Labonte, 1980; Gosling, 1990; Qiu et al., 2007] .
[10] However, Kahler and Hudson [2001] found cases where the TCHs do not lie in strong field source regions within curved neutral line, but rather extend out into nearby weaker field regions. In such cases, the TCHs may occupy significantly larger area than the associated flaring active region [Thompson et al., 2000; Zhukov and Veselovsky, 2007; Attrill et al., 2007] . These observations strongly indicate that reconnections between erupting structures and surrounding fields have resulted in escaping fields rooted external to the source.
[11] Figure 4 demonstrates how this might occur. As the escaping portion of our rope expands upward, its outer edge writhes counterclockwise beneath the overlying external fields, driving reconnections between the escaping rope and the external fields and forming ''mixed-connectivity'' field lines (that is, one foot point in the original external field boundary, the other in the original rope-bipole boundary). These mixed-connectivity escaping field lines subsequently reconnect at a central current sheet, and in the process remove the final attachments between the escaping field and the original rope-bipole boundary ( Figure 5 ). The result is an escaping rope rooted in the lower boundary of what was originally (pre-eruption) external fields unconnected to the emerging flux rope. This can be seen in Figure 1 (top right) which shows the escaping rope's field lines lie outside the original rope bipolar magnetic region. Thus the feet of the CME escaping flux rope have lost their connection to the original source [Gibson and Fan, 2006b, 2006c] [see also Roussev et al., 2007] . If we identify the dimmings with the feet of the escaping flux rope, they would lie external to the strong magnetic bipole, in the weaker surrounding fields (Figure 6 ), as often observed.
[12] Both the initial, emerging flux rope and the overlying initial external fields in our simulation are very symmetric. For this reason, the reconnections between the two magnetic systems lead to a symmetric escaping rope with twin, symmetric dimmings at its feet. The right-hand image of Figure 6c shows a case where, although the dimmings are twin and highly symmetric, they extend well above and below the flaring active region in weaker field, and are not concentrated in the concavities of the associated sigmoid [Thompson et al., 2000] . As Figure 6b shows, the escaping rope feet of our simulation match this configuration well. Note, however, that Attrill et al. [2006] analyzed this event in detail, and concluded that the asymmetric temporal and spatial evolution of the region actually implied that only the southernmost dimming was a foot points of the magnetic Red and black field lines are dipped field lines intersecting the central y axis, pink-lavender are winding field lines grazing the photosphere, and dark green and blue are additional rope field lines. The two right images show the bifurcated rope later in its eruption. The top right image shows sample field lines of the escaping rope, which are rooted in the external boundary. The bottom right image shows sample field lines of the surviving rope, color-coded in the manner of the original rope. The surviving rope is rooted in the rope bipole, but some adjacent field lines (e.g., the orange ones in this image) have one foot point in the rope-bipole boundary and one in the external boundary. The lower boundary on all images shows color contours of radial magnetic field (red positive, blue negative).
cloud, while the northern portion of the erupting structure had reconnected with the open field of the northern coronal hole, thus detaching it. This interchange reconnection between erupting and polar hole fields was also concluded on the basis of interplanetary observations of the corresponding magnetic cloud [Crooker and Webb, 2006] . In general, the evolution of TCHs is likely to be very sensitive to the form of surrounding large-scale fields, and it is clear that asymmetric, solo, or patchy and widespread dimmings might occur during a partial ejection depending upon this form Figure 2 . Rope-breaking reconnection. Left-hand top image shows two field lines (blue) just prior to reconnection. Right-hand top image shows two field lines (red/pink) at the next time step which originate from the same points on the lower boundary as the blue field lines of the previous time step. These have clearly undergone reconnection, resulting in one (red) expanding upward and one (pink) falling back down. The lower boundary on the top images shows color contours of radial magnetic field (red positive, blue negative). The bottom image shows a velocity contour slice at the height of the reconnection point at the pre-reconnection time, which is intersected by the two blue field lines at the points shown. This demonstrates the converging motion of the field lines at the reconnection point. (See dynamic content Animation 1 in the HTML for a movie of the magnetic field lines rotating in three dimensions. 1 )
[see, e.g., Delannee, 2000; Delannee et al., 2007; Mandrini et al., 2005 Mandrini et al., , 2007 Attrill et al., 2007; Zhang et al., 2007; Zhukov and Veselovsky, 2007] .
Transient Coronal Holes: Evolution
[13] As the escaping rope continues to expand upward, further reconnections eventually occur as the radially pulled field lines meet at the central current sheet behind the rope, ultimately severing the escaping rope's connection to the Sun (Figure 7 ). In the two (or two and a half) dimensional standard model of an eruptive flare [e.g., Hirayama, 1974] these ''close-down'' reconnections are essentially identical to the ''flux-detaching'' reconnections which may begin quite early in the eruption, adding twist to the core of the erupting structure and leaving behind a post-eruptive arcade and two-ribbon flare. However, in our three-dimensional model, the flux-detaching reconnections of Figure 5 and the close-down reconnections of Figure 7 are distinct. The fluxdetaching reconnections occur as described above between mixed-connectivity field lines relatively early in the eruption, severing the connection to the original rope-bipole and leaving behind post-eruptive arcade and flare ribbons [Gibson and Fan, 2006b ]. In the process they also add significant helicity to the escaping portion of the rope as we will discuss below, and so play an ''in situ'' role in forming the escaping rope. The reconnection shown at simulation time step 106 in Figure 5 is one of the last of this type. After this time the close-down reconnections continue, but differ from the earlier flux-detaching reconnections in that they occur between field lines rooted entirely external to the original rope-bipole boundary. It is important to point out that in these close-down reconnections we do not generally see an individual field line's ''legs'' coming together and self-connecting, which is a two-dimensional picture and unlikely to occur in three dimensions [Gosling et al., 1995] . Rather, neighboring field lines reconnect with each other multiple times, resulting in some highly twisted core field lines in the escaping rope (we will return to this point in section 5.3.3), and an outwardly progressing close-down of the coronal field.
[14] Figure 8 demonstrates the model prediction for TCH evolution. In Figure 8 we have plotted two types of field line foot points. The black ones are, as in Figure 6 , the foot points of escaping rope field lines that have reached the upper boundary of the simulation. The colored dots are foot points of field lines that are twice as long as the field lines originating from these points at time step 86 (when flux rope emergence was stopped in the simulation). (Note that we also compare to the field lines originating from these points at the immediately preceding time step (thus a ''running difference'') and eliminate the foot points of any field line which is shrinking or has just undergone recon- nection.) The colors indicate the connectivity of field lines (see Figure 8 caption). It has been argued that TCHs may correspond to the foot points of all field lines initially stretched upward by the erupting core, whether or not they are ultimately the foot points of the escaping rope [Mandrini et al., 2005 . We see from Figure 8 (left column) that the foot points of such stretched-out field lines appear first within the rope-bipole boundary (purple points), and then extend outward into surrounding fields until flux-detaching reconnections separate the escaping rope from the initial rope-bipole boundary as described above (transition of purple points to dark green and then red), leaving behind the true ''feet'' of the escaping rope field lines (transition of red points to black). Figure 8 (right column) then demonstrates how these black points are eventually removed as the escaping rope is gradually detached via close-down reconnections.
[15] The model prediction for TCH boundary evolution illustrated by Figure 8 is consistent with observations of TCH boundaries migrating outward from the core active region [e.g., Kahler and Hudson, 2001] . In particular, the model is consistent with TCHs which originate within the core of an active region, reach a maximum extent covering both the core and some external weaker field regions, start to fill in at the central ''core'' as post-eruptive arcades form, and then survive for some time as TCHs external to the original core region until they disappear as close-down reconnections sever the escaping rope's link to the Sun. McIntosh et al. [2007] showed multiple observed examples where TCHs initially dimmed in the opposing poles of the active region (i.e., core dimmings), subsequently extended outward, and then filled in beginning with the core dimmings. It is also consistent with the observations of Reinard and Biesecker [2008] , who showed that a large minority (30%) of TCHs studied (96 total), exhibited a ''two-slope'' recovery of intensity. Thus, the initial filling-in of TCHs occurs quickly (Figure 8 (left column)), in roughly the same amount of time as it takes for them to reach their maximum Figure 5 . Flux-detaching reconnection. As in Figure 2 , top images show pre-reconnection and postreconnection field lines, and bottom image illustrates the convergence of the pre-reconnection field lines. Note that both of the blue pre-reconnection field lines are ''mixed'' connectivity, with one foot point in the original external field boundary and the other in the original rope-bipole boundary, but that the post-reconnection the escaping flux rope field line has both feet in the external field boundary. (See dynamic content Animation 3 in the HTML for a movie of the magnetic field lines rotating in three dimensions.) net depletion, and then a second, more gradual filling-in of the TCHs continues lasting several hours (Figure 8 (right column)). We have confirmed that in some cases (e.g., 23 July 1999) it can be established that the initial steep slope corresponds to an early and quick filling-in of the core dimmings, and the flatter, secondary slope corresponds to a slower filling-in of dimmings outside the original active region, in a manner consistent with our model (A. Reinard, private communication, 2008) .
[16] Finally, it is worth noting that even at the end of the simulation run (time step 173) when all significant helicity of the escaping rope has expanded out of the system (see section 5.1), not all the flux of the escaping rope has closed down. This is consistent with observations of magnetic clouds that imply that at least some of the flux rope is still attached to the Sun when it passes 1 AU. It is also consistent with observations of TCHs which show them lasting for many hours [Kahler and Hudson, 2001] .
Implications for Magnetic Cloud Flux
[17] We refer to the reconnection shown in Figure 5 as flux-detaching, and Figure 5 demonstrates how the final attachments to the original rope-bipole boundary are severed. Decreasing the connection to the photosphere may be seen as equivalent to increasing the azimuthal flux, or winding, in the escaping rope. It is a subject of current controversy as to how the magnetic flux associated with dimmings maps to that within magnetic clouds [Démoulin, 2008] . In particular, some authors find that the magnetic flux in TCHs map well to the axial flux in a magnetic cloud [Qiu et al., 2007] , as might be expected if TCHs correspond to the foot points of an expanding magnetic flux rope, either preexisting or formed in situ early in the eruption. Other authors [Mandrini et al., 2005 have shown cases where only a fraction of the TCH-associated flux maps to the axial flux of the magnetic cloud, as would be consistent if much of the TCH corresponds to the foot points of stretched-out field lines which are not ultimately connected to the escaping rope (as discussed above). In this scenario these expanding fields would reconnect with the core sheared field late in its eruption (e.g., as described by Lin and Forbes [2000] ), adding to the escaping rope's azimuthal, rather than axial flux.
[18] Our model differs from both of these scenarios. Fluxdetaching reconnections set in only after a significant amount of stretching has occurred on many field lines, as in the case of the scenario described by Mandrini et al. [2005 Mandrini et al. [ , 2007 . However, unlike that scenario, in which fluxdetaching reconnections serve to break the connection of the escaping rope to external fields, the flux-detaching reconnections in our model remove the connections to the original core flux. This difference arises because of the rotation that the rope undergoes during our model eruption: indeed, observations of the evolution of TCH boundaries may be a means of determining whether an eruption involves such a rotation. As we will show below, the result of such a rotation may be topological changes which blur the distinctions between axial and azimuthal field.
5. Forming Tori: Changes in Magnetic Helicity, Orientation, and Topology
Changes in Magnetic Helicity
[19] Magnetic helicity is a global property measuring the amount of twist or shear in a magnetic field relative to its potential state. On time-scales which are very large compared to that of CMEs and flares, global magnetic helicity is conserved [Berger and Field, 1984] . The CME represents a mechanism by which magnetic helicity may be carried away from the Sun. For this reason, efforts have been made to compare magnetic helicity in magnetic clouds to magnetic helicity of their ''source'' regions (see Démoulin [2008] for a review). Such studies have made it clear that reconnections during eruption may significantly impact the helicity in the magnetic cloud, as mutual helicity between the source [Thompson et al., 1998 ].
region and its surroundings is transformed into self-helicity of an escaping flux rope [Leamon et al., 2004] .
[20] Our simulation is initiated by the destabilization of a preexisting magnetic flux rope. However, the reconnections during its eruption greatly affect what ultimately escapes to become a magnetic cloud. We have already discussed connectivity changes due to these reconnections, and we now demonstrate that they also serve to add helicity from surrounding fields (i.e., mutual helicity) to the escaping portion of the rope.
Quantifying Magnetic Helicity Transfer
[21] Figure 4 illustrates how mutual helicity between the original rope and surrounding field are introduced to the escaping rope. The light blue field line is a simple, unsheared arcade-like field line. The dark blue field line is part of the original flux rope, and as such has a noticeable amount of shear. It is also oriented essentially at a right angle to the light blue field line. When they reconnect, they form the escaping, dark red field line which now has all of the shear of the original dark blue flux rope line, but also an additional kink where the field lines have reconnected at right angles. When these mixed-connectivity type field lines reconnect at the central current sheet, they form the escaping flux rope field lines, e.g., the dark red field line of Figure 5 , which clearly have more twist than the dark blue original flux rope field line of Figure 4 .
[22] We can quantify this transfer of mutual helicity to the escaping rope. We can calculate the total magnetic helicity in our simulation box, before the rope loses equilibrium and erupts, H pre total [Fan and Gibson, 2007] . Because the magnetic flux rope being emerged is defined analytically [Fan, 2005] , we can also define that pre-eruption rope's selfhelicity, H pre self . Given these two values, because the prereconnection external field is potential and so has no selfhelicity, we are able to explicitly calculate the mutual helicity between the rope and surrounding fields, H pre mutual . Thus,
[23] We find that in the original configuration, 38% of the helicity was in the form of the flux rope's self-helicity, and 62% in the form of mutual helicity.
[24] Once the escaping portion of the rope has left the simulation box, we can calculate the total helicity left in the box, H post total . We are thus able to quantify the amount of helicity leaving with the escaping rope, i.e.,
[25] We find in this manner that 41% of the helicity in the original system is lost with the escaping rope, while 59% remains. Owing to the transfer of mutual helicity to the escaping rope, it leaves with (slightly) more helicity than the pre-eruption rope had, yet still leaves behind a surviving twisted magnetic flux rope (Figure 1) .
Implications for Magnetic Cloud Twist
[26] Magnetic helicity is related to magnetic twist, or winding number, via magnetic flux. Thus, a standard magnetic flux rope possessing field lines which are all anchored at a lower boundary will have an average winding number equal to the magnetic helicity of the volume divided by square of the magnetic flux through the rope's lower boundary. If field lines are detached from this lower boundary, the amount of flux through the lower boundary decreases and the winding number increases. This is evident in Figure 1 , where, despite the fact the original and escaping ropes have approximately the same amount of helicity, the escaping rope winds much more. Thus, Figure 4 demonstrates how mutual helicity is added to the escaping rope, and Figures 5 and 7 show how the winding number increases as field lines are detached from the photosphere. In a simple, cylindrical flux rope, this increase in winding number is equivalent to adding azimuthal flux to the rope. Qiu and Yurchyshyn [2005] have demonstrated that the azimuthal flux in magnetic clouds is equivalent in magnitude to the ''reconnection flux'' swept up by separating flare ribbons, as would be expected if the ribbons show the foot points of field lines undergoing flux-detaching reconnections. This is essentially consistent with our simulation results, since the majority of the twist in our escaping rope arises from such flux-detaching reconnections. However, as we will demonstrate below, separating the axial and azimuthal flux in our escaping rope is not straightforward.
Changes in Rope Orientation 5.2.1. Writhing Filaments
[27] In section 2 we described how the magnetic kink instability led to the loss of equilibrium of the emerging flux rope. As the rope erupted, it writhed in a manner that facilitated its rupture through overlying fields [Fan, 2005] . Writhing motions have also been observed in the cores of white light CMEs, which are identified with erupting filaments (Figure 10 (top row) ). Gibson and Fan [2006b] simulated the filament eruption by tracking the plasma of material initially lying within the dips of the magnetic field. Figure 10 (middle and bottom rows) shows that such entrained mass exhibits writhe similar to that seen in erupting filaments and the white light core of the CME, of approximately 115 degrees counterclockwise relative to its original orientation. Because our rope is left-handed (negative helicity), this is consistent with the observational study of Green et al. [2007] , who analyzed several cases of filament writhe and found that counterclockwise (clockwise) writhe was associated with negative (positive) helicity.
Implications for Magnetic Cloud Rotation
[28] Magnetic clouds are characterized by a rotation of the magnetic field vector . Comparisons between the orientation of the magnetic cloud field and magnetic structures back at the Sun have revealed correlations. For example the leading polarity of magnetic clouds appears to vary with the solar cycle to reflect the direction of the global solar dipole [Bothmer and Schwenn, Figure 8 . Time series of field line foot points representing (left column) early evolution of transient coronal holes, as fluxdetaching reconnections transfer the connectivity of expanding field lines from the original rope-bipole boundary to the external-field boundary, and (right column) the continuing evolution of transient coronal holes as close-down reconnections remove the connection of the escaping rope to the lower boundary. Note that the time spacing differs between the two columns. Colored dots are the foot points of field lines that have expanded to twice their initial length: purple are if both feet are rooted in the original rope-bipole boundary, red indicate both feet rooted in the original external-field boundary, and dark green indicate ''mixed connectivity'', with one foot in each boundary. Black dots are foot points of field lines which have reached the top of the simulation box. The colored isocontours indicate radial magnetic field at the simulation lower boundary (red positive, blue negative). (See dynamic content Animation 5 in the HTML for a movie animating this time evolution.) 1997; Mulligan et al., 1998 ] (although the timing of magnetic cloud polarity change versus that of the solar dipole are not simultaneous [Li and Luhmann, 2004] [Marubashi, 1997; Webb et al., 2000; Rust and Labonte, 2005] . It has been suggested that this rotation is due to kink-instability induced writhing during eruption . Démoulin [2008] reanalyzed the events described by Marubashi [1997] , and found, for four of the five cases where the magnetic cloud axis was rotated greater than 30 degrees relative to the filament axis, that the direction-of-rotation/ sign-of-helicity relationship found for erupting filaments by Green et al. [2007] held true, as would be expected if this axis rotation was caused by the kink instability.
[29] If our original, pre-eruption flux rope was oriented with its positive field originating south of its neutral line (as might be appropriate for an even-numbered solar cycle), and if it had erupted without writhing or reconnection, the interplanetary magnetic cloud resulting from it would have been classified as NWS in the notation of [Bothmer and Schwenn, 1997] . That is, the magnetic field vector at the center of the magnetic cloud would be directed northward in its leading portion, turn westward near cloud center, and be oriented southward in its trailing portion. Figures 11a -11c demonstrate this for an equilibrium flux rope [Fan and Gibson, 2006] (this equilibrium rope is actually rotated slightly counterclockwise from the original model rope's NWS orientation because it has writhed somewhat in finding an equilibrium; see Fan and Gibson [2006] for discussion). We have also plotted the more standard lineplot representation of the vector field along a trajectory through the cloud (Figure 12 ): the equilibrium rope is represented by the blue profiles, and the intersection of this trajectory on the slices of Figures 11a -11c as blue dots. (Note the trajectory is slightly away from the center of the slice: owing to the model symmetries, the radial component of the field would be exactly zero there.) For the partially ejected rope discussed in this paper, the leading portion of the rope has rotated by approximately 115 degrees, so that the portion of a magnetic cloud associated with that leading portion would be close to ENW, and, with an axis so highly inclined relative to the ecliptic, it would be categorized as ''unipolar'' [Mulligan et al., 1998] (Figures 11d-11f) , and green profiles in Figure 12 ).
[30] Such an axial rotation may significantly impact the geoeffectiveness of a magnetic cloud. Magnetic clouds possessing a strong southward magnetic field component (B z ) are more geoeffective [Gonzalez and Tsurutani, 1987] . Whether a southward component is more geoeffective at the front of the magnetic cloud or at its back is an issue of debate, but recent statistical studies indicate that they are more or less equivalent [Li and Luhmann, 2004; Huttunen et al., 2005] . On the other hand, if a magnetic cloud is unipolar with a central axis pointing southward, it is particularly geoeffective, whereas if it is unipolar pointing northward, it is not [Huttunen et al., 2005] (note that this study decoupled the geoeffectiveness of the magnetic cloud from that of the ''sheath'' region in front of it, which is often itself highly geoeffective).
[31] The rotation of our flux rope during eruption thus apparently took it from a configuration likely to be geoeffective (NWS) to one unlikely to be geoeffective (ENW, and more precisely, SE-NW). Or did it? The rotation was not the only change during eruption; as we have described in detail above, there were also reconnections, both internal to the erupting rope and with surrounding fields. Figures 11d-11g and 12 (green profiles) demonstrate that the magnetic vector in the cloud continues to rotate, so that its classification should actually be ENWS since it ultimately rotates >270 degrees. We now show how these combined changes in helicity, connectivity, and orientation have led to a change in topology for our escaping rope.
Changes in Topology 5.3.1. Magnetic Cloud Topologies
[32] The classic model for a magnetic cloud is that of a cylindrically symmetric, constant-a force-free flux rope [e.g., Lundquist, 1950] . Recent work, however, has demonstrated that departures from this form, such as ropes with distended cross sections, provide better fits to multipoint observations of magnetic clouds [Mulligan and Russell, 2001] . Another departure from the standard cylindrical flux rope is a rope in the form of a detached torus or spheromak [Vandas et al., 1993] , invoked to explain observations of magnetic clouds in which the component of the magnetic field along the projected solar North Pole, B z , undergoes a double zero crossing implying a field vector rotating >270°[ see, e.g., Marubashi and Lepping, 2007] . Vandas et al. [1998] demonstrated that viewing an ''equatorial'' passage of a detached speromak (i.e., a speromak possessing a core axis oriented perpendicular to the radial direction) would result in such magnetic cloud profiles. However, they found via a numerical simulation that interaction with the ambient solar wind would tend to rotate such a structure so that its axis was oriented radially by the time it arrived at the Earth and it would no longer result in a double zero-crossing of B z (in fact, the B z profile would essentially appear like that of a cylindrically symmetric rope). Moreover, a detached spheromak or torus is inconsistent with observations of counterstreaming suprathermal electrons commonly associated with magnetic clouds, which are generally interpreted as evidence of a magnetic structure still attached to the Sun at both ends [Gosling et al., 1987] .
[33] An alternative would be a ''tethered spheromak'' of the form presented by Gibson and Low [1998] . In this fully three-dimensional, analytic model, one end of a spheromak is contracted into the origin yielding a closed spheroidal (e.g., tear-shaped) flux system embedded in an otherwise open magnetic field. The self-similar expansion of this structure forms the basis of the model for a CME. Figures 13c and 13d show sample field lines of the tethered spheromak, demonstrating that while some field lines ergodically fill flux surfaces of detached tori (e.g., the red field line), these are embedded in field lines which remain attached to the solar surface (e.g., the purple and black field lines). This dual topology arises because the contraction of the bottom of the spheromak into the origin means that field lines lying on the outer flux surfaces cannot detach, and so are effectively line-tied as they expand outward.
Observational Implications of a Tethered Spheromak
[34] Figures 11h-11k and Figure 12 (red profiles) demonstrate that the field vector rotates over 270°at the center of the Gibson-Low tethered spheromak, so that it could indeed explain magnetic clouds with double B z zero-crossing [e.g., Vandas et al., 1993; Dasso et al., 2007] . The amount of rotation of the field vector would of course be sensitive to which part of the magnetic structure passes by the observer (thus the magnetic cloud's trajectory). Also, it is important to point out that the degree of contraction of the spheromak to the origin (a model parameter) affects the amount of field rotation, and indeed the overall magnetic topology. A spheromak is characterized by both toroidal and poloidal winding, so that it possesses two axes of rotation, as indicated in Figures 13c and 13d by the red and black field lines. If all of the field at and below the bottom of the toroidal axis (located at the center of red torus) is contracted to the origin, there will be no detached field at all. In this case, the topology would be that of a deformed cylindrical flux rope, rather than a dual-topology rope possessing both toroidal and deformed cylindrical flux rope lines as shown in Figures 13c and 13d .
[35] The dual-topology rope, or tethered spheromak, can explain over-rotation within a magnetic cloud, and, because it is tethered, avoids the observational shortfalls of a completely detached spheromak. The realignment of a Figure 11 . Model predictions of magnetic fields within magnetic clouds. Slices showing magnetic field at (a) top, (b) middle, and (c) lower boundary of an equilibrium flux rope [Fan and Gibson, 2006] equivalent to the pre-eruption rope of Gibson and Fan [2006b] . Slices showing magnetic field near (d) top, (e and f) middle, and (g) bottom of escaping portion of our partially ejected flux rope (time step 130). Slices showing magnetic field near (h) top, (i and j) middle, and (k) bottom of a Gibson and Low [1998] tethered spheromak. The blue dots in the left column, green dots in the middle column, and red dots in the right column correspond to the position where the magnetic field vector is measured versus decreasing height, or equivalently increasing time for a structure flying past the Earth, as shown in Figure 12 . The colored isocontours indicate radial magnetic field through the slice (red positive, blue negative): note the color table is rescaled to the maximum/minimum radial field for each height. The vectors show the direction of the planar component of the magnetic field for each slice, and this direction is also indicated by the large white letters (solar north/south/east/west, where north is in the +z direction of our simulation and west is in the Àx direction). A movie of the variation of magnetic field components in slices moving from top to bottom for the partially ejected rope versfsus the tethered spheromak is provided as dynamic content Animation 7 in the HTML. Note that the vectors in Animation 7 are scaled relative to the maximum radial field of each slice.
detached spheromak during transit through the solar wind as found by Vandas et al. [1998] arises from draping of ambient magnetic field lines around the oblate toroidal body of the spheromak. It is likely that the tethered field lines surrounding any detached tori in the dual-topology case would suppress such an interaction, but it would be interesting to test this in a similar manner to Vandas et al. [1998] via a numerical heliospheric model. Manchester et al. [2004b] propagated a Gibson-Low type flux rope through the heliosphere in such a manner, and no such axial rotation was noted. However, the parameters chosen for the initial flux rope setup in that simulation were such that there were no detached toroidal field lines above the photosphere (where line-tying was enforced), so that the magnetic structure being propagated was actually a deformed cylindrical flux rope rather than a tethered spheromak. A test of how a tethered spheromak might evolve as it transits through the solar wind remains as an interesting subject for future study.
[36] A second observational shortfall of a fully detached spheromak magnetic cloud model is that it would predict a complete dropout in the flux of suprathermal electrons within the magnetic cloud. For the tethered spheromak, however, counter-streaming (bidirectional) suprathermal electrons could still be present within the magnetic cloud because much of its volume would be filled with field lines still attached to the lower boundary. Some degree of dropout in electron heat flux would still be expected owing to the nested detached field lines, and indeed such sporadic heat flux dropouts are sometimes observed within magnetic clouds [Gosling, 1990; Larson et al., 1997; Malandraki et al., 2003; Crooker et al., 2004; Harra et al., 2007] . Heatflux dropouts do not necessarily imply complete disconnection, since higher-energy electrons have been shown in some cases to persist despite the lack of heat flux electrons [Lin and Kahler, 1992] . Thus even field lines which wind many times (and so are very long) but still are connected to the Sun could give rise to a dropout. More generally, if a long and winding, but still-Sun-connected field line were intersected near one end, so that the distance to the Sun along it was relatively short in one direction, but very long in another, it could give rise to a unidirectional suprathermal electron signature. It is probable that further reconnections with surrounding open magnetic fields during the rope's transit through the wind would also generate unidirectional Figure 12 . Model predictions of magnetic fields within magnetic clouds as in Figure 11 , with plots showing the variation of the three components of magnetic field with height near the model central (y) axis (e.g., corresponding to the Sun-Earth line for an Earthward directed magnetic cloud). The locations of these trajectories are indicated on the planar slices of Figure 11 as colored dots. We plot magnetic field scaled by r 2 (in units of solar radii). Thus, assuming a radial expansion, the time variation of the components of magnetic field at the Earth as a magnetic cloud expands past it is effectively equivalent to moving downward through the modeled magnetic structures. Because these structures differ in size (and because we are interested in a side-by-side topological comparison), we have scaled the equilibrium rope of Fan and Gibson [2006] (left column of Figure 11 ) by a factor of 5r À 4 (blue profiles) and the escaping portion of our partially ejected flux rope (middle column, Figure 11 ) by r/3.5 (green profiles), all relative to the model r of the Gibson and Low [1998] tethered spheromak model (right column, Figure 11 ) (red profiles).
streaming [Gosling et al., 1995; Crooker and Webb, 2006] , but it is interesting that even without such interchange reconnections, the tethered spheromak model is topologically complex enough to be consistent with observations of sporadic heat flux dropouts within otherwise bidirectional or unidirectional streaming electrons.
Formation of a Tethered Spheromak
[37] The question remains as to how such a tethered spheromak might be formed. One possibility suggested by Lites and Low [1997] is that it emerges from the solar interior already in a closed toroidal form. In that study and Gibson and Low [2000] , a spheromak-type field configuration was shown to be consistent with pre-eruption prominence observations. Another possibility is that it could be formed during eruption [see, e.g., Bellan and Hansen, 1998] . A variety of models and simulations have demonstrated how reconnections during eruption, both internal and with external fields, could lead in general to mixed topologies within magnetic clouds [e.g., Gosling et al., 1995; Birn et al., 2000; Crooker and Horbury, 2005; Dasso et al., 2007] . We will now demonstrate that, via a combination of such reconnections and writhing motions, the originally simple cylindrical flux rope which erupts in our simulation [Gibson and Fan, 2006a] is transformed into a tethered spheromak that is topologically equivalent to that of Gibson and Low [1998] .
[38] Figures 13a and 13b show sample field lines for the partially ejected rope at a somewhat earlier time step (time = 106) than shown in Figures 11 and 12 (time = 130) . It shows a spheromak topology in the process of being formed. As described above, the tethered spheromak possesses two axes of rotation, illustrated by the black (poloidal) and red (toroidal) field lines in Figures 13c and 13d . The purple field line in Figure 13c winds about the black poloidal axis, demonstrating that the magnetic field curvature is locally convex at this axis (thus, just above the black axial line, the curvature of the field is downward, and just below, it is upward). By examining the local curvature of the field along the central y axis, we can identify an equivalent poloidal axis for the partially ejected rope, shown in Figures 13a and 13b by the thick black line, about which the blue and purple lines wind. We can also demonstrate that the partially ejected rope contains increasingly detached toroidal flux, as evidenced by the single red field line that winds about itself multiple times.
[39] The orientation at the top of this red, toroidally winding field line is predominantly northward, along the z axis (Figure 13b ). Indeed, this top portion of the red field line corresponds to the central axis of the pre-eruption rope, which has rotated approximately 90 degrees by time 106: this may be seen by comparing to the brown dots of Figure 10 (bottom row), which track the initially dipped field lying just below the axis. The top of the rope has likewise rotated, pointing primarily eastward, along the model x axis. Thus, if one looks only at the top portion of the partially ejected rope, it appears similar to a cylindrical rope oriented just south of ENW (see, e.g., directions indicated in green on Figure 13b ). If the eruption included a roughly 90 degree Figure 14 . Special case of total flux detachment during flux-close-down reconnection. As in Figure 2 , top images show pre-reconnection and post-reconnection field lines, and bottom image illustrates the convergence of the pre-reconnection field lines. Owing to the symmetries of the model, a field line can be found which reconnects with itself.
writhe but no reconnections, this would indeed be the topology of the escaping rope.
[40] However, connectivity-mixing and flux-detaching reconnections create twist essentially in the manner described by in situ flux rope formation models [e.g., Moore and Labonte, 1980; Gosling, 1990; Qiu et al., 2007] , and the axial direction of this twist is that of the pre-eruption rope, i.e., westward (Figure 11b ). Figure 4 illustrates this: although the top of the dark blue pre-reconnection field line has clearly writhed, the ''legs'' of this field line have not, so that the reconnection with the light blue arcade field line creates twist about the x axis (east-west). This is the origins of the poloidal axis of rotation which we have identified as the thick black line in Figures 13a and 13b (note that it has writhed approximately 30 degrees counterclockwise from east-west by time step 106).
[41] A side-by-side comparison of the tethered spheromak and partially ejected rope in Figures 11, 12 (red versus green), and 13 emphasizes the similarity in their topologies. One difference that remains between them is that the red, toroidally winding field line shown in Figures 13a and 13b is not a completely detached torus as in Figures 13c and  13d . However, it clearly has a large winding number, and, as close-down reconnections continue to occur, this winding will increase to the point that it may approach the ergodically winding limit of the analytic tethered spheromak. In fact, there is evidence that some portion of the simulation field does become completely disconnected. Figure 14 shows a reconnection occurring at time step 125, where a magnetic field line (blue, top left) meets itself at a current sheet, and detaches to leave a single, post-reconnection cusped field line (orange, top right). (There should be a corresponding, detached toroidal field line in the postreconnection image, but finding this field line would be like finding the proverbial needle in hay stack because, unlike the cusped orange field line, it is not line-tied to the lower boundary.) We emphasize that such a self-reconnection is cosmically unlikely on the Sun, and only arises in our simulation because of its prescribed symmetries. Far more likely on the Sun (and even in our simulation) are the reconnections between neighboring field lines as shown in Figure 7 , which, although they may not create toroidal field lines that ''meet their own tail'', create field lines that wind so much and are long enough so as to be effectively disconnected from the solar surface.
Conclusions
[42] The three-dimensionality of coronal magnetic fields is a fundamental aspect of CMEs, and the partial-ejection of magnetic flux ropes manifested in our simulations is characteristic of the resulting complexity of eruptions. In this paper we demonstrate that such complexity directly affects how interplanetary CMEs are linked to their sources at the Sun. We now summarize our findings, and describe their broader implications for understanding and ultimately predicting space weather.
[43] First of all, because a significant fraction of magnetic helicity remains behind after a partial ejection, the source region may be prone to multiple eruptions as further helicity is injected, either through magnetic flux emergence or photospheric shearing motion. This is important for space weather prediction and interpretation, since multiple CMEs from the same region have been shown to lead to particularly strong solar energetic particle (SEP) events [Gopalswamy et al., 2004] . SEP events are a primary source of concern for current spacecraft operation and future extended manned space missions [Klecker, 1996] .
[44] Moreover, because the escaping portion of the rope writhes and reconnects, both internally and with surrounding fields, a tethered spheromak topology is formed during the rope's partial ejection. This is an important possibility to consider because most analyses of magnetic clouds assume a cylindrical magnetic rope topology in fitting to observations, yet some observations do not fit this standard model [Vandas et al., 1998; Dasso et al., 2007] . Such a topological change would affect the accuracy of a wide range of interpretive techniques currently used to connect magnetic clouds to their source, regarding magnetic flux, helicity, and axial orientation (Démoulin [2008] and references therein). Predicting these properties, in particular as they relate to southward-pointing magnetic field, is important for an accurate assessment of whether a magnetic cloud is likely to be geoeffective.
[45] It is important to emphasize that the tethered-spheromak topology differs from previous magnetic cloud models invoking spheromaks in that large portions of the field remains tethered at the sun. Indeed, we have described how detached, doubly attached, and apparently open fields could intermingle within this structure. We have also described how the initial location of transient coronal holes during an eruption may be misleading as clues to how magnetic clouds relate to their sources at the Sun, if they appear beneath stretched out magnetic field which subsequently changes connectivity . Our simulation illustrates this, and moreover predicts a two-stage movement of transient coronal hole boundaries away from a central core active region consistent with observations [Reinard and Biesecker, 2008] . Understanding the connectivity between magnetic cloud and transient coronal hole is important for prediction, for example, of high-speed streams following ICMEs which have the potential to increase geoeffectiveness [McIntosh et al., 2007] .
[46] In conclusion, our analysis suggests that close attention should be paid to coronal observations during eruption to determine the degree of writhing motions and/or reconnections with surrounding fields. We note that recent observations indicating reconnections in solar wind magnetic fields [Gosling, 2007] emphasize that the flux rope's journey does not end in the corona. If we wish to be able to predict and interpret magnetic structures passing the Earth, we need to build as complete a picture as possible about their origins and evolution as they traverse the heliosphere.
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